Xestoquinone and related metabolites (the xestoquinone family) occur in marine sponges and are known to show a variety of biological activities. In this study, the first comprehensive evaluation of antifungal activity was performed for xestoquinone and nine natural and unnatural analogues in comparison with their cytotoxicity. The cytotoxicity against two human squamous cell carcinoma cell lines, A431 and Nakata, indicated that the terminal quinone structure of the polycyclic molecules was important (xestoquinone, etc.) and that the presence of a ketone group at C-3 of the opposite terminus dramatically diminished the activity (halenaquinone, etc.). In contrast, a ketone group at C-3 enhanced the antifungal activity against the plant pathogen, Phytophthora capsici, regardless of the presence of a quinone moiety. The cytotoxicity and antifungal activity of the xestoquinone family were negatively correlated with each other.
Marine sponges possess various bioactive metabolites, some of which have been regarded as defense substances. These bioactive compounds of marine origin are structurally unique and have attracted attention as candidates for medicinal drugs or biochemical tools. Xestoquinone (1) and halenaquinone (2) are polycyclic quinone-type metabolites that have been isolated from marine sponges of the Xestospongia genus (Fig. 1) . 1, 2) Despite their structural similarity, these compounds show a variety of biological activities, such as cardiotonic activity, 1) cytotoxicity, [3] [4] [5] [6] [7] [8] and inhibitory activity against enzymes such as protein tyrosine kinase, 5, 9) topoisomerases, 8, 10) myosin Ca 2þ ATPase, 11) etc. We have recently reported an effective preparation of xestoquinone (1) and its analogues, 2, 3, 5-8, 10, from y To whom correspondence should be addressed. Tel/Fax: +81-52-789-4284; E-mail: ojika@agr.nagoya-u.ac.jp extracts of the marine sponge, Xestospongia sapra, and their inhibitory activity against myosin Ca 2þ ATPase activity to reveal the role of the quinone structure for this activity (Fig. 1) . 12) We also designed and synthesized a biotinylated xestoquinone analog that exhibited stronger inhibitory activity than that of xestoquinone (1) to study the mechanism of action. Despite a number of such chemical and biological efforts, comprehensive studies on the structure-activity relationships, including an antifungal evaluation of the xestoquinone family, have never been performed, although fragmented knowledge has been accumulated so far. In this paper, we describe the preparation of two new members of the xestoquinone family and their structure-activity (antifungal activity and cytotoxicity) relationships by using a phytopathogenic microorganism and two human squamous cell carcinoma (SCC) cell lines.
Materials and Methods
General. Thin-layer chromatography (TLC) was performed by using pre-coated silica gel 60 F 254 plates (Art. 5715, Merck) or RP-18 F 254 plates (Art. 15389, Merck). Open column chromatography was performed with silica gel 60 (230-400 Mesh ASTM, Merck). IR spectra were recorded by a Jasco FT/IR-8300 instrument, and UV spectra, by a Jasco V-530 spectrophotometer. NMR spectra were recorded by a Bruker ARX400 (400 MHz) instrument in a CDCl 3 solution (99.9% atom enriched). NMR chemical shifts are referenced to the solvent peak of H 7.26 (residual CHCl 3 ) or C 77.0 (CDCl 3 ). High-resolution ESI-TOF-MS were recorded by an Applied Biosystems Mariner mass spectrometer equipped with an electrospray ion source in the positive mode, using residual phthalates (m=z 279 and 391) as internal standards.
Xestoquinone (1) and its analogues, 2, 3, 5-8, 10. These materials were prepared by the method described in the previous paper.
12)
(3R)-3-Acetoxyxestoquinone (4). A solution of 3 (1.0 mg, 3.0 mmol) in pyridine (0.5 ml) was stirred with acetic anhydride (0.5 ml) at room temperature for 2 h. The reaction mixture was concentrated, and the residue was chromatographed on silica gel (2.0 g) eluted with hexane-CHCl Cell lines and cytotoxicity test. An A431 human vulval-derived epidermoid carcinoma cell line 13) and Nakata oral squamous cell carcinoma cell line 14) were used in this study. The cytotoxicity of each of these compounds was evaluated by a similar procedure to that reported. 15, 16) Briefly, the A431 or Nakata cell line was cultured in a serum-free RD medium [RPMI 1640 medium (Kyokuto, Tokyo Japan)-DMEM (Kyokuto) 1:1, vol/vol] containing five factors (10 mg/ml of insulin, 5 mg/ml of transferrin, 10 mM 2-mercaptoethanol, 10 mM 2-aminoethanol, and 10 nM selenite (all from Sigma Chemical Co.). 17, 18) In the proliferation assays, the cells were plated at 1:0 Â 10 4 per well into 24-well tissue culture plates (BD Bioscience, NJ, U.S.A.) coated with type I collagen, and cultured in the same medium. The cells were allowed to attach and spread for 12 h prior to their incubation with xestoquinone (1) or its analogues at various concentrations (none, 0.4 ng/ml, 4 ng/ml, 40 ng/ml, 400 ng/ml, or 4000 ng/ml). On day 4, the cells were harvested by 0.05% trypsin/0.01% EDTA, and the cell numbers were counted with a Zf counter (Coulter Electronics Inc., Hialeah, FL, U.S.A.). IC 50 values shown are the means of two replicates.
Antifungal activity test. The antifungal activity was evaluated against plant pathogen Phytophthora capsici by using a paper disc assay as previously reported. 19) Briefly, P. capsici was cultured on a synthetic agar medium in a 9-cm dish at 25 C for 2 days in the dark until the colony had grown to a size of about 3-4 cm in diameter. Each paper disc (8 mm in diameter) impregnated with a sample was placed 1 cm away from the front of the colony. After incubating for 30 h, the distance between the edge of the colony and the paper disc was measured.
Results and Discussion
Xestoquinone (1) and its analogues (2, 3, 5-8, and 10) were prepared from extracts of the marine sponge, Xestospongia sapra, as described previously.
12) The structure and purity of each of these compounds were confirmed by 1 H-NMR spectra. The two acetates, 4 and 9, were prepared from the 3-hydroxy derivatives, 3 and 8, respectively, under the usual acetylation conditions.
In the cytotoxicity test (Table 1) , using two human squamous cell carcinoma cell lines, xestoquinone (1) and (3R)-3-acetoxyxestoquinone (4) were the most potent, the A431 cells being more sensitive than Nakata cells to these compounds. Halenaquinone (2) and halenaquinol dimethyl ether (7) were approximately 500 and 100 times less potent than 1 for A431 and Nakata cells, respectively, and roughly 10 times less potent than the other analogues. These results indicate that a carbonyl group at the C-3 position was unfavorable for cytotoxicity. Xestoquinone (1) and 4 were more potent than corresponding hydroquinone derivatives 6 and 9, suggesting that the presence of a quinone structure in the E ring could be important. The C-3 position (probably non-polar) is very important for cytotoxicity, and the effect of the quinone structure is secondary in contrast to the inhibition of myosin Ca 2þ ATPase, in which the quinone structure was thought to be important. 12 ) DNA cleavage could be one mechanism for the cytotoxicity 8) and be interfered with by the presence of the C-3 ketone.
In the antifungal activity test using the plant pathogen, P. capsici, however, quite the opposite tendency was observed (Table 1) . Halenaquinone (2) and corresponding hydroquinone 7 were most active, suggesting that the presence of a ketone group at C-3 was very important. A polar hydroxyl group at C-3 in 3 also played a role in the antifungal activity. Since hydroquinone derivatives 7, 8 and 9 were all less active than corresponding quinone derivatives 2, 3 and 4, the quinone structure seems to have played an auxiliary factor in the antifungal activity. The opposite tendency in bioactivity between cytotoxicity and antifungal activity becomes obvious when both activities are plotted on a graph, indicating negative correlations (Fig. 2) . The dipole moment at C-3 might have the opposite effect on the two biological activities. Although the mechanism for the antifungal activity is unclear, the -alkoxy-,-unsaturated ketone structure could be important because -methoxyacrylates are known as mitochondrial respiratory chain inhibitors against fungi. 19, 20) In conclusion, the antifungal evaluation of ten xestoquinone-related compounds revealed for the first time the importance of the C-3 ketone group in the halenaquinone-type compounds. A comparative evalua- Antifungal activity at a dose of 25 mg/disc is plotted against two cytotoxicity values ( , A431 cell line; , Nakata cell line). The continuous and dotted lines respectively indicate approximated curves for the A431 and Nakata cell lines. See Table 1 for details of the biological activities.
tion of the cytotoxicity and antifungal activity of the xestoquinone family revealed an interesting correlation between these bioactivities and the importance of the C-3 position rather than the quinone moiety, contrary to the inhibition of myosin Ca 2þ ATPase.
